Recovery of bacteria from shell eggs is important for evaluating the efficacy of processing and the quality and safety of the final product. Shell rinse (SR) techniques are easy to perform and widely used. An alternative sampling method involves crushing and rubbing the shell (CR). To determine the most appropriate method for recovering microorganisms from shell eggs, 358 shell eggs were collected from a commercial egg processor and sampled by SR and CR techniques. Total aerobic mesophiles and Enterobacteriaceae were enumerated on plate count and violet red bile glucose agar plates, respectively. Unwashed, in process, and postprocess eggs were evaluated in the study. Aerobic microorganism prevalence for eggshells sampled was similar for both methods (approximately 100%), but the log CFU per milliliter values were higher in the SR than the CR samples (3.2 and 2.2, respectively). Average Enterobacteriaceae recovery was similar for both methods (45 versus 40% for the SR and CR methods, respectively) when all eggs were considered together. This population was detected more often by SR when unwashed eggs were sampled (90 versus 56% for the SR and CR methods, respectively), equally by SR and CR for in-process eggs (30 versus 29.3% for the SR and CR methods, respectively), but more often by CR for postprocess eggs (10 versus 36% for the SR and CR methods, respectively). The SR technique was easier to perform and recovered larger numbers of aerobic organisms, particularly for unwashed eggs. However, the CR technique was more efficient for recovery of Enterobacteriaceae from postprocess eggs. Stage of shell egg processing may be an important consideration when choosing egg sampling methods.
Many methods exist for the recovery of microorganisms from egg shells and membranes. Methods that involve swabbing, blending of shells using mortar and pestle, blenders, and shaking with glass beads have been reported (1-10, 14-17, 19, 20, 22) . One of the simplest and most commonly used methods is the shell rinse (SR) (8) . Some researchers have found that microorganisms within the pores or those embedded in the membranes may not be recovered by rinse techniques (10, 15, 16) . Although more labor intensive, methods that involve crushing shells and membranes together are generally considered the most sensitive, an important consideration when microbial populations are small. Crush methods may allow for the recovery of microorganisms from the surface of the shell and for those that are located inside the pores or the membranes (3, 17) .
An experiment was conducted in which an SR method was used in conjunction with a technique in which shell and membranes were crushed together. Eggs from various stages of processing were sampled. Method efficacy for recovery of aerobic organisms and Enterobacteriaceae was determined for both methods. Another experiment was performed to determine if crush efficacy was hampered by first sampling eggs by the rinse method.
MATERIALS AND METHODS
Experiment 1: shell egg sample collection. A single shell egg processing plant was visited on 3 separate days (6 weeks apart), and 10 eggs were collected from 12 separate sites along the processing chain before being sampled by two methods (n ϭ 716). Sample sites were at the accumulator, prewash wetting, first washer, second washer, sanitizer rinse, dryer, oiler, check detection/scales, packaging (at two different packer lanes), and entrance and exit of the rewash belt. Eggs were collected during the midmorning break so as not to interfere with plant operations. This occurred approximately 2 h after processing had begun, halfway between the minimum elapsed time before wash water would be completely changed (every 4 h). Twelve eggs from each collection site were aseptically placed into clean foam cartons, packed into half-cases, and transported back to the laboratory. Ten eggs per sample site were analyzed. All eggs were collected from the same plant. Eggs were considered as preprocessed if they were collected at the accumulator, during the prewash rinse, or from the rewash belts. In-process eggs were collected at washer 1, washer 2, sanitizer rinse, drying, and oiling. Postprocess eggs were collected from check detection/scales or packaging sites.
Shell egg sampling. Each egg was aseptically transferred to a sterile Whirl-Pak bag, and 10 ml of phosphate-buffered saline was added. A rinse sample was obtained by shaking the bag that contained the egg for 1 min, and then the egg was removed and transferred to a different sterile bag. Rinsates were stored at 4ЊC overnight until microbiological analyses were performed.
After the rinse procedure, each egg was aseptically removed from the second bag and cracked open on the edge of a sterile beaker. Egg contents were discarded, and the inside of the shell was rinsed using sterile phosphate-buffered saline to remove most of the adhering albumen. An effort was made to eliminate as much of this material as possible because of the antimicrobial components of albumen. Shell and membrane were crushed in a gloved hand and forced into a sterile 50-ml disposable centrifuge tube. After 20 ml of sterile phosphate-buffered saline was added, a sterile glass rod was moved vertically in and out of the tube for 1 min. This allowed for a maceration of shells and membranes and a thorough mixing of the sample with the diluent. Samples were stored overnight at 4ЊC before microbiological analysis.
Experiment 2: shell egg sampling collection. Another experiment was conducted using eggs collected at only two sampling sites. Large, unwashed eggs were randomly selected as they entered the plant on the accumulator belt and placed into pulp flats. Cracked or excessively dirty eggs were excluded. Washed eggs were collected after they had been packed into pulp cartons. Washed and unwashed eggs were placed into half-cases and transported back to the laboratory at ambient temperature. On arrival, all eggs were stored overnight at 4ЊC until sampling procedures were performed.
Shell egg sampling. Shell egg sampling procedures were executed as described for experiment 1. Three sampling approaches were used: SR, crush method for eggs previously shell rinsed (CRSR), and crush method for eggs not previously rinsed (CR). Twenty eggs per sampling site for each of the three method groups were sampled for each of three replications (n ϭ 360).
Microbiological method. Estimation of the aerobic mesophilic microorganism population levels was determined by duplicate plating of 0.1-ml aliquots of each sample onto plate count agar. After approximately 48 h of incubation at 35ЊC, colonies were counted and converted to a log CFU per milliliter sample.
Enterobacteriaceae were enumerated by duplicate plating of 1-ml aliquots of sample onto violet red bile glucose agar. Plates were poured with violet red bile glucose agar overlay to assist in the recovery of injured organisms (11, 12) . Plates were incubated overnight at 37ЊC and observed for colony formation. Following incubation, dark red to purple colonies with red-purple haloes were counted, and the counts were converted to a log CFU per milliliter sample.
Statistical analyses.
Population-level data for the first experiment were analyzed after log transformation using the general linear model of SAS statistical software, with sampling site, sampling, and replication as the main effects (21) . A comparison of recovery frequency was accomplished by 2 test of independence (5).
RESULTS

Experiment 1. Aerobic mesophilic microorganisms
and Enterobacteriaceae results for experiment 1 are given in Tables 1 and 2 , respectively. Rinsing eggs yielded 0.9-and 1.4-log CFU/ml more aerobes than crushing for preprocessed and in-process eggs. Recovery of aerobes from postprocess eggs using both recovery methods was equivalent. Comparing averages for each method for eggs from all stages of processing, rinsing recovered significantly more aerobes than crushing. Recovery rates were not significantly different for either of the methods at any of the processing stages. Using results from both sampling approaches, aerobic mesophilic microorganisms were recovered from 357 of 358 eggs.
Enterobacteriaceae prevalence results were comparable for both methods (SR and CR). Overall averages were not significantly different for this population, although recovery rates were. The SR method (90%) recovered significantly more Enterobacteriaceae than the CR method (56%) for preprocessed eggs (P Ͻ 0.05). The SR and CR recoveries were equivalent for in-process eggs, but CR recovered significantly more Enterobacteriaceae than SR (P Ͻ 0.05) for postprocess eggs. Using results from both sampling approaches, Enterobacteriaceae were recovered from 113 (94%) of 120 preprocessed eggs, 72 (48%) of 149 inprocess eggs, and 37 (42%) of 89 postprocess eggs. Tables 3 and 4 , respectively. For washed eggs, aerobic population levels and recovery rates determined for SR, CRSR, and CR were comparable. However, SR and CRSR each recovered organisms missed by the other. Using both methods detected aerobes more often than CR alone. There was no difference in recovery among SR, CRSR, or CR eggs. A different trend was noted for unwashed eggs. The SR technique did not recover aerobes as often as the CR technique, although SR recovered aerobes at an increased rate when compared with CRSR eggs.
Experiment 2. Aerobic mesophilic microorganisms and Enterobacteriaceae results for experiment 2 are given in
Enterobacteriaceae were only occasionally recovered from washed or unwashed eggs in the second experiment. For washed eggs, CRSR and CR were superior to SR for recovery of these organisms. However, with unwashed eggs, SR was superior to CRSR and CR for Enterobacteriaceae recovery.
DISCUSSION
Determination of bacterial numbers on egg shells has been accomplished using surface rinses (3, 8, 9, 10, 15, 16, 18, 19) , shaking crushed shells with glass beads (1), blending or crushing egg shells and membranes (3, 4, 14, 22) , and surface swabbing and blending (19) . In 1970, Gentry (8) described a simple procedure in which an individual egg is placed in 10 ml of a sterile isotonic buffer in a plastic bag and massaged by hand for 1 min followed by soaking in the buffer for an additional 5 min. Many SR methods are a variation on Gentry's method. There have also been many variations on methods that involve the blending or crushing of shells and membranes. Berrang et al. (3) described a method in which individual eggs were aseptically cracked, contents discarded, and egg shells placed into a bag with diluent, where they were hand massaged for a minute before sampling.
Surface rinse methods are easily and rapidly performed. However, we thought that including a shell homogenization method could provide information on bacteria below the shell surface that would be missed by the surface rinse method. Methods used in this study were loosely based on those two approaches to sampling. In our study, eggs were shaken instead of massaged using a lower volume of diluent and for a shorter time. An attempt was made to adapt Berrang's ''crush and rub'' procedure by incorporating stomacher blending to replace massaging within the bag (3) . Using a standard speed should reduce variability due to individually massaging samples. However, all bags used were pierced by egg shell fragments during stomacher blending, which resulted in sample leaking out of the bag. Even using two bags designed to resist puncture by bone fragments was unsuccessful. Finally, conical centrifuge tubes and glass rods were chosen because of the availability and sturdiness of the materials.
Rinsing methods are also commonly used for the recovery of microorganisms from poultry carcasses. Lillard (13) reported that subsequent rinses (as many as 40 were performed) of poultry carcasses gave bacterial numbers equal to the initial carcass rinse. However, data from multiple rinsing of egg shells do not show the same pattern of recovery unless the eggs are extremely dirty. Musgrove et al. (18) rinsed eggs up to eight times followed by plating to enumerate aerobes and Enterobacteriaceae after the first, second, fourth, and eighth rinses. Even the eighth rinse for very dirty eggs recovered at the same rate and with similar numbers as the first rinse. Subsequent rinses (fourth and eighth) of unwashed eggs gave lower population levels, but the second rinse gave comparable recovery rates to the initial rinse. With washed eggs, a second rinse recovered fewer cells and less often than the initial rinse. This work suggests that a significant portion of shell surface populations will be removed with the initial wash or rinsing of the egg.
Gunaratne and Spencer (10) recovered more Pseudomonas from inoculated eggs by blending than surface rins-ing. However, Penniston and Hedrick (19) found that rinsing and blending methods are equivalent in their ability to recover bacteria from artificially dirtied eggs that had been washed. Moats (15, 16) concludes that whether greater numbers are recovered by surface rinsing or swabbing versus blending the entire shell depends on whether bacteria reside on the surface or are embedded within the pores or membranes of the shell. Analysis of the data collected in our study leads to the same conclusions. In our study, rinse and crush methods were effective in recovering aerobes from egg shells regardless of the processing stage from which they were collected. However, SR recovered significantly greater numbers of aerobes than crushing for dirty and in-process eggs. When commercially washed eggs were sampled, the methods recovered similar numbers at a comparable rate.
A shell homogenization method may be critical for recovery of organisms present in low numbers, particularly when they are located within the pores or membranes of egg shells. It has been reported (17) that when evaluating broiler hatching egg disinfectants that the methods of egg inoculation and microbial recovery greatly affect the interpretation of chemical efficacy. A less rigorous test of efficacy is provided when a method of inoculation less likely to result in subsurface contamination (droplet) is combined with an SR method. Inoculation by immersion and temperature differential followed by shell and membrane homogenization sampling provides the most rigorous test of sanitizer efficacy.
Moats (15) sampled washed and unwashed eggs from commercial shell egg processing plants. He reports that though a great deal of variability was noted, there were generally much lower numbers recovered from washed eggs, particularly those sampled by a surface rinse method. This researcher also compared a whole-egg surface rinse technique to blending of the shell and membranes for washed and unwashed eggs (16). Moats' methods involved different volumes of diluent, contact times between eggs and diluents, and different means of shell maceration. Moats reports a difference of 0.5 log CFU per egg between population levels recovered by the two methods for unwashed eggs. However, for washed eggs the eggshell blending method recovered 1.8 log CFU per egg more than did the SR method. In our study, rinsing recovered 1.0 log CFU/ml more aerobes on average than were recovered by the crush method, when considering all stages of processing. However, no difference existed among bacterial populations recovered for fully processed eggs. These data corroborate Moat's conclusions. Such results indicate that for unwashed eggs rinsing is a more sensitive sampling approach than crushing. If eggs have been washed or are still visibly dirty, then the reverse is true.
In the second experiment, eggs sampled were either washed (fully processed and packaged) or not yet washed. This work was completed to see how rinsing affected crush efficacy and also to make an equitable comparison between rinsing and crush sampling approaches. In terms of aerobic population recovery rate on washed eggs, SR, CRSR, and CR were equivalent. However, SR or CRSR (considering results from both methods) recovered the most aerobic microorganisms as each of the methods recovered aerobes missed by the other. Results were different for eggs that had not been washed. The CRSR recovery rate was 30% lower than that observed for SR sampling. The CR method recovered aerobes at a rate equivalent to SR for unwashed eggs.
Eggs that had been washed yielded more Enterobacteriaceae from CRSR and CR than from SR when washed eggs were sampled. However, for unwashed eggs SR was superior to CRSR or CR as a means of Enterobacteriaceae recovery. Data from the second experiment indicate that for unwashed eggs, comparing CRSR and SR aerobic or Enterobacteriaceae results is not valid. Since CRSR and CR are equivalent for washed eggs, SR and CRSR may be compared for either population.
The SR method was more easily performed and required fewer materials than the CR technique. Both the stage of processing and microbial population had an influence on whether rinsing or crushing was the most appropriate method choice. These results indicate that for unwashed eggs, rinsing recovers a greater number of aerobes than the crush method used though recovery rates were similar. Rinsing recovered Enterobacteriaceae more often from dirty eggs, the same as crushing for in-process eggs, but less often than crushing for washed eggs. When eggs are unwashed or partially washed, rinsing recovers more aerobic bacteria than the crushing method, although recovery rates were similar. These recovery methods were equivalent for washed eggs when used for recovering aerobic populations that are present on and in most eggshells. However, for Enterobacteriaceae populations, not a contaminant of every egg, a sampling method that includes shell membranes may be required for recovery.
